Data are available within the paper and Supporting Information.

Introduction {#sec001}
============

Protein tyrosine kinases (PTKs) act as central hubs in cellular signaling that tightly control critical cellular functions such as proliferation, apoptosis, and differentiation. Genetic mutations can alter kinase activity regulation and result in aberrant signaling that promotes disease pathology, most notably cancer \[[@pone.0161748.ref001]\]. Over 20 tyrosine kinase inhibitors (TKIs) are FDA approved and have varying degrees of clinical success \[[@pone.0161748.ref002]\]. Despite TKIs often being the best option for patients, heterogeneous response and acquired resistance remain a significant clinical and economic burden. Drug developers are working to overcome these problems by commercializing next generation inhibitors with increased potency, different modes of inhibition, and strategic inhibition of multiple kinases. For example, three generations of BcrAbl kinase inhibitors have been approved for clinical use. Imatinib was the first commercially successful BcrAbl inhibitor, showing an 80% response rate in chronic myeloid leukemia (CML), outperforming the prior therapeutic options and turning CML into a manageable condition \[[@pone.0161748.ref003]\]. Second generation inhibitors, nilotinib and dasatinib, have increased potency for BcrAbl and have different kinase inhibition profiles than imatinib \[[@pone.0161748.ref004],[@pone.0161748.ref005]\]. Other BcrAbl inhibitors, bosutinib and ponatinib, further built on this theme with increased potency and multi-kinase inhibition, and targeting of the T315I gatekeeper mutation, respectively \[[@pone.0161748.ref006],[@pone.0161748.ref007]\]---with further introduction of others such as radotinib, now in clinical trials, and many more are in pre-clinical development \[[@pone.0161748.ref008],[@pone.0161748.ref009]\].

Kinase activity profiling technologies are essential to identify potential TKIs that target overactive kinases driving disease pathology. Typically, pre-clinical development of TKIs relies on both *in vitro* and cell-based kinase activity assays to select compounds for further development \[[@pone.0161748.ref010]--[@pone.0161748.ref012]\]. Kinase activity also has an emerging role as a biomarker for predicting response to therapy, including TKIs and pre-operative radiotherapy \[[@pone.0161748.ref013]--[@pone.0161748.ref016]\], although it is still fairly far away from widespread clinical application in making treatment decisions. *In vitro* assays can be very high-throughput, but are not as biologically informative as cell-based assays. A number of technologies are currently available for cell-based kinase activity assays. Most commercial kinase activity assays for drug development depend on antibody-based detection of endogenous phosphorylation sites as surrogate markers for kinase activity \[[@pone.0161748.ref012]\]. This strategy takes on many embodiments, including immunoblots, in-cell westerns, homogenous sandwich assays, and high-throughput flow cytometry \[[@pone.0161748.ref011],[@pone.0161748.ref017]--[@pone.0161748.ref019]\]. However, site-specific antibodies are expensive to develop and produce, always display some level of non-specificity (which can significantly confound interpretation when trying to analyse an endogenous substrate in complex cellular milieu), and can vary in quality between production lots. Also, the status of endogenous substrate- and autophosphorylation sites is not always representative of the activation state of the kinase itself \[[@pone.0161748.ref020]--[@pone.0161748.ref022]\]. Changes in the phosphorylation status of an endogenous substrate may take a significant amount of time after addition of TKI due to a combination of intracellular processes (e.g. phosphatase, protein-protein interactions, substrate turnover/synthesis, etc). Because of the baseline level of endogenous substrate phosphorylation, there is a physiological lag time between TKI-mediated BcrAbl kinase inhibition and the reflective change in detectable phosphorylation status of the chosen substrate. Also, apparent BcrAbl inhibition is dependent on which endogenous substrate is measured. For example, Frietsch *et al* show that Tyr-171 on the adaptor protein LASP1 is a bona fide substrate of BcrAbl, and when phosphorylated binds to the SH2 domain of dephosphorylated CrkL \[[@pone.0161748.ref022]\]. Although both are markers of activity, the differing phosphorylation kinetics and ability to be measured with antibodies/other detection methods could give differing information about levels of Abl kinase activity. Although they may be able to be standardized if a fortuitously reliable antibody is available, these endogenous substrates are highly dependent on site-specific antibody availability. Furthermore, in a clinical setting Frietsch *et al* also show that pCrkL is not always detectable in patient samples, even for those that respond to TKIs \[[@pone.0161748.ref022]\]. Antibody independent cell-based kinase assays often require genetic manipulation or kinase overexpression systems, affecting the physiological relevance of the assay results \[[@pone.0161748.ref023]--[@pone.0161748.ref025]\]. Still other methods rely on measuring enzymatic activity from cell lysates, reducing the physiological relevance of the results \[[@pone.0161748.ref023],[@pone.0161748.ref026]\]. These limitations have made it difficult to comprehensively measure endogenous tyrosine kinase activity in disease-relevant cellular models, posing limitations in pre-clinical kinase inhibitor development and in translating their use to measuring kinase activity in clinical samples for the purposes of characterizing target-focused response.

Our group develops approaches for measuring cell-based kinase activity assay using multifunctional peptide probes. The peptides contain modular amino acid sequences that each provide a specific function for their interaction with live cells and the kinase of interest ([S1 Table](#pone.0161748.s010){ref-type="supplementary-material"}). The BcrAbl kinase peptide probe reported by our group has three modular sequences. The "substrate" sequence (EAIYAAPF) binds the kinase domain of BcrAbl and, in the presence of active BcrAbl, is phosphorylated on the central tyrosine residue. The adjacent sequence (APTYSPPPPP) selectively binds the Abl SH3 domain and increases the affinity of the peptide for Abl kinase. The SH3-probe interaction is hypothesized to enhance specific phosphorylation of the substrate by BcrAbl, as implicated in our previous work \[[@pone.0161748.ref027]--[@pone.0161748.ref029]\] Finally the TAT cell penetrating sequence (RKKRRQRRRLL) facilitates uptake by the cell. We assess BcrAbl activity by measuring phosphorylation of the substrate sequence \[[@pone.0161748.ref027]\]. The multifunctional peptide substrate's unique ability to enter many cell types and measure endogenous kinase activity could overcome many of the limitations described above that are associated with the current techniques. Our previous demonstrations of the BcrAbl assay have used mass spectrometry, immunoblot, and ELISA for detection of substrate phosphorylation \[[@pone.0161748.ref021],[@pone.0161748.ref027]--[@pone.0161748.ref029]\]. Here we adapt our assay for measuring cell-based BcrAbl kinase activity in a multi-well plate format and improve assay performance. While this detection strategy does rely on an antibody, it does not require any substrate capture antibody and works with the highly robust, generic 4G10 phosphotyrosine antibody for detection, and thus is not dependent on unique substrate or site-specific antibodies---accordingly, the assay protocols reported here would also be compatible with other kinases by simply substituting the biotinylated substrate for a different peptide, without extensive additional development. In the work reported here, we use the method to profile BcrAbl activity in chronic myeloid leukemia cell lines that have been developed to exhibit growth in the presence of moderate concentrations of the kinase inhibitor drugs imatinib, nilotinib and dasatinib, and examine the relationships between BcrAbl kinase activity and cell growth in the presence of each inhibitor.

Materials and Methods {#sec002}
=====================

Peptide Synthesis {#sec003}
-----------------

The reporter substrate was synthesized using Fmoc-based solid phase peptide synthesis on a Prelude synthesizer from Protein Technologies (Tucson, AZ). Fmoc-protected amino acid monomers were purchased from Peptides International (Louisville, KY). Fmoc--biotinylated lysine was obtained from Akaal Organics (Long Beach, CA). The photocleavable residue (3-(2-nitrophenyl)-3-aminopropionic acid) was obtained from Lancaster Synthesis and Fmoc-protected by J. Thomas Ippoliti's lab at the University of St. Thomas (St. Paul, MN). Peptide quality control figures are located in [S5](#pone.0161748.s005){ref-type="supplementary-material"}--[S7](#pone.0161748.s007){ref-type="supplementary-material"} Figs.

Peptide labeling {#sec004}
----------------

The free cysteine residue in the Abl substrate peptide was labeled with Alexa Fluor^**®**^ 488 C~5~ maleimide. The peptide was dissolved to 1 mM in reaction buffer (6M Guanidinium HCl, 100 mM Na~2~PO~4~, 1 mM tris(2-carboxyethyl)phosphine, pH 6.5). 1 mg of Alexa Fluor^**®**^ 488 C~5~ maleimide was dissolved in 20 μL of DMSO and added to the peptide in a 1:1 molar ratio. The reaction was allowed to proceed for 6 hours at room temperature with rocking. After 6 hours 1 μL of 10 M NaOH was added to readjust pH. Completion of the labeling was confirmed by LCMS, and the labeled peptide was desalted, lyophilized, and stored at -20 C until use. Alexa Fluor^**®**^ 488 C~5~ maleimide was obtained from Life Technologies (Carlsbad, CA).

Cell culture and generation of drug resistant K562 cell lines {#sec005}
-------------------------------------------------------------

The K562 cell line was obtained from ATCC (Rockville, MD) and maintained in Iscove's Modified Dulbecco's Media supplemented with 10% fetal bovine serum and 1% penicillin / streptomycin at 37°C in a 5% CO~2~ humidified atmosphere. Resistant K562 cell lines were developed as described previously\[[@pone.0161748.ref030],[@pone.0161748.ref031]\]. Briefly, K562 cells were cultured in a tolerated, low dose of imatinib, nilotinib, or dasatinib. Once cells reached 1x10^6^ cells / mL, they were passaged to 0.1x10^6^ cells / mL in media containing an incrementally higher concentration of inhibitor. Increments of inhibitor concentration were determined by observing cell growth inhibition, at which point the concentration was held constant until the proliferation rate was comparable to the parental K562 cell line. This subculturing technique was carried out for 90 days, after which the resistant cell lines were maintained in a final concentration of inhibitor. Final concentrations for K562-IR, K562-NR, and K562-DR cells were 1 μM imatinib, 10 nM nilotinib, and 1 nM dasatinib, respectively. For dose-response studies cells were treated with imatinib (10, 100, 250, 500, 750, 1000, or 10000 nM), nilotinib (0.01, 0.1, 1, 10, 50, 100, or 1000 nM), or dasatinib (0.01, 0.1, 1, 10, 50, 100, or 1000 nM).

Cell-based kinase assay {#sec006}
-----------------------

K562 cells were seeded at a final volume of 750 μL with the indicated number of cells into 1 mL/well AcroPrep Advance 96 Filter Plates from Pall Corporation (Ann Arbor, MI). The cells were dosed with the indicated tyrosine kinase inhibitor or vehicle control (0.1% (v/v) DMSO) and incubated for 1 hour at 37°C in a 5% CO~2~ humidified atmosphere. Following incubation with TKI, peptide substrate was added at the indicated concentrations and incubated for 5 minutes at 37°C in a 5% CO~2~ humidified atmosphere. Following incubation with peptide, cell media was removed from the filter plate using a vacuum manifold from Pall Corporation, the filter plate was stacked on top of a black Neutravidin™ coated 96-well plate (G-Biosciences, St. Louis, MO) containing 100 μL wash buffer (composed of TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6) with 5% milk protein, US Biological, Salem, MA) per well. In the upper filter plate, 50 μL of lysis buffer (PhosphoSafe™ Extraction Reagent (Novagen) supplemented with protease inhibitor cocktail (Roche) and 4 mM EDTA (to quench kinase activity) was added to each well. The plate stack was incubated on a short orbital plate shaker at 600 RPM at room temperature for 5 minutes. Following lysis buffer incubation, the plate stack was centrifuged at 1500 rcf for 5 minutes to collect lysate in the bottom plate. After lysate collection, the filter plate was removed and the Neutravidin™ plate was incubated with shaking for 1 hour at room temperature. The plate was then washed three times with 200 μL wash buffer. 100 μL of mouse 4G10 antibody (Millipore, 1:12,000 in wash buffer) was added to each well and the plate incubated for 1 hour at room temperature with shaking as described above. Following incubation with 4G10 antibody, 100 μL of rabbit anti-mouse IgG conjugated to HRP (Pierce, 1:1000 in wash buffer) was added to each well and incubated for 1 hour at room temperature with shaking. The plate was then washed three times with wash buffer as described above, followed by two washes with phosphate buffer (50 mM Na~2~PO~4~, pH 7.5). 100 μL of developing reagent (50 mM Na~2~HPO~4~, 2.3 mM H~2~O~2~, 98 μM Amplex Red™ reagent, pH 7.4) was added to each well, incubated for 30 minutes with shaking as described above, and read on a Biotek Synergy4 plate reader using 532 nm excitation and 590 nm emission wavelengths. For dose-response experiments, values at each concentration were represented as percent vehicle control.

Statistical analysis {#sec007}
--------------------

Average (Avg) and standard deviation (SD) values were calculated from positive (n = 93) and negative (n = 96) controls. Outliers were defined as those data points that deviated more than 3SD from the mean. Z' and signal window (SW) values were derived using the Avg and SD values in the following equations \[[@pone.0161748.ref032]\]: $$Z^{\prime} = \frac{\left( {{Avg}_{pos} - {3SD}_{pos}} \right) - \left( {{Avg}_{neg} + {3SD}_{neg}} \right)}{{Avg}_{pos} - {Avg}_{neg}}$$ $$SW = \frac{\left( {{Avg}_{pos} - {3SD}_{pos}} \right) - \left( {{Avg}_{neg} + {3SD}_{neg}} \right)}{{SD}_{pos}}$$

IC~50~ values were derived by fitting a log(inhibitor) vs. response--variable slope (4 parameter) equation with a least squares fit in GraphPad Prism 6. Within the dose-response curve fitting protocol, IC~50~ values for K562 resistant cell lines were compared to the sensitive, parental K562 cell line and statistically assessed using an extra sum-of-squares F test choosing the logIC~50~ as the selected parameter for comparison.

Growth inhibition Assay {#sec008}
-----------------------

K562 cells were seeded at 10,000 cells per well in 96-well plates and dosed with the indicated TKI concentrations or vehicle control (0.1% DMSO). Plates were incubated for four days at 37°C in a 5% CO~2~ humidified atmosphere. Following incubation, XTT reagent (ATCC) was added according to manufacturer's protocol and plates were incubated at 37°C in a 5% CO~2~ humidified atmosphere for 3--4 hours. Specific absorbance was read on a Biotek Synergy4 plate reader at 475 nm and non-specific absorbance read at 660 nm. Absorbance values at 660 nm were subtracted from 475 nm absorbance values, and represented as percent vehicle control.

Immunodetection {#sec009}
---------------

K562, K562-IR, K562-NR, and K562-DR cells were grown to 7.5x10^5^ cells/mL and pelleted by centrifugation. Media was removed, and cells were washed in ice cold PBS. After washing, cells were lysed by a combination of heating and rapid freeze/thaw. Lysis buffer (50mM ammonium bicarbonate pH 8.0, 0.2μM sodium orthovanadate, 4mM EDTA, and Complete protease inhibitor (Roche)) was added to the cell pellet and cells were immediately heated at 95°C for 5 minutes and then snap-frozen in liquid nitrogen, and allowed to thaw on ice for 30 minutes. Cell pellets were vortexed, then centrifuged at 4°C for 20 minutes to remove insoluble cellular debris, and lysate was assayed for protein content. Protein content was normalized to 0.25mg/mL using 50mM ammonium bicarbonate, pH 8.0, and 1 μg total protein for each sample was analysed in duplicate with the antibodies of interest using a WES Simple Western system (Protein Simple) according to the manufacturer's instructions. The samples were separated for 25 minutes at 375 volts and washed with the antibody diluent for 5 minutes before probing with primary and secondary antibodies for 30 minutes respectively. Data for both replicates and run files (.cbz format) comprising the instrument protocol and results are provided in [S1 File](#pone.0161748.s008){ref-type="supplementary-material"}.

Supplementary Methods {#sec010}
---------------------

Supplementary methods are provided in [S1 Methods](#pone.0161748.s009){ref-type="supplementary-material"}.

Results and Discussion {#sec011}
======================

Assay development strategy {#sec012}
--------------------------

Streamlining the assay for multi-well plates was inspired by a workflow described by Mand and colleagues \[[@pone.0161748.ref033]\]. The method uses a 96-well filter plate for cell treatment and lysis, followed by ELISA-based detection of substrate phosphorylation ([Fig 1](#pone.0161748.g001){ref-type="fig"}). In the study by Mand *et al*, 96-well filter plates were used as a method to prepare K562 cell lysates that were subsequently assayed for Abl kinase activity by incubating the extract with an Abl substrate peptide immobilized on a 96-well, Neutravidin™ coated plate. Phosphorylation of the immobilized substrate was assessed using a well-established pTyr specific antibody in an ELISA-based detection method. Using this strategy, they were able to achieve a medium-throughput assay for measuring Abl kinase activity in cell lysates. While kinase activity in cell lysate provides a more biologically relevant context than purified kinases, it still lacks many important factors within the environment of a living cell, such as kinase and phosphatase localization, intracellular ATP concentrations, and drug transport dynamics. An important aspect of the approach in this report is that the assay signal is representative of intracellular kinase activity in the presence of live cell dynamics. This is achieved by adding the multi-functional peptide substrate to live cells, where it is internalized and phosphorylated prior to cell lysis. This provides biological relevance that is lost when examining kinase activity outside of a living cell.

![Workflow for cell-based BcrAbl kinase activity assay.\
Non-adherent K562 cells are seeded into a 1 mL per well capacity, 96-well filter plate, treated with a BcrAbl kinase inhibitor, and incubated with the cell-penetrating BcrAbl substrate peptide. The substrate is taken up into cells and phosphorylated specifically if BcrAbl kinase is active. Following incubation with the substrate, media is removed by vacuum, lysis buffer is added and incubated with the cells. Following lysis, the soluble cell extract is centrifuged through the filter into a Neutravidin™ capture plate and the BcrAbl substrate is immobilized via its biotin tag. Phosphorylation of the peptide is detected through ELISA using a generic anti-phosphotyrosine antibody.](pone.0161748.g001){#pone.0161748.g001}

Assay workflow standardization {#sec013}
------------------------------

Our first aim was to show that the streamlined assay protocol could be reliably reproduced. Previous demonstrations of our lab's cell-based Abl activity assay had coefficients of variation (CVs) ranging from 20--40% \[[@pone.0161748.ref029]\]. An acceptable CV for cell-based analysis in drug discovery assays should be at or below 20% \[[@pone.0161748.ref032]\]. To determine if S:B and CV are a function of substrate concentration, we varied the peptide concentration from 2.7 μM to 27 μM in our 96-well plate workflow ([Fig 2A](#pone.0161748.g002){ref-type="fig"}). We found that the lowest CV occurred at the lowest substrate concentration tested ([S1 Fig](#pone.0161748.s001){ref-type="supplementary-material"}), and that this correlated with higher signal to noise ratios ([S2 Fig](#pone.0161748.s002){ref-type="supplementary-material"}). These results indicate that phosphorylated peptide signal intensity decreases substantially with peptide concentrations above 2.7 μM, reaching a low around 11 μM and remaining constant for all greater concentrations. Based on performance, 2.5 μM peptide substrate was used in all future assays. We determined the lower limit cell density to use in the assay by varying the number of cells per well ([Fig 2B](#pone.0161748.g002){ref-type="fig"}). We found that cell densities less than 0.5E6 cells per mL gave unacceptable S:B, and chose to use 750,000 cells per well (10^6^ cells/mL) to keep the most robust signal. Cell density is an important factor that has consequences for assay volume because BcrAbl signaling is reduced when K562 cells exceed (10^6^ cells/mL). In order to decrease assay volume with the chosen 750,000 cells per well, the cell density would have to surpass 10^6^ cells/mL. While this number of cells per well exceeds the typical number of cells for a 96-well plate format, K562 cells are non-adherent and can be seeded in the 1 mL capacity 96-well filter plate at a density that does not impact intracellular signaling.

![Standardization of peptide concentration and cell number BcrAbl kinase activity assay.\
Peptide concentration and cell density were standardized for the cell-based BcrAbl kinase activity assay. BcrAbl kinase activity signal reported as relative fluorescent units (RFU, A-C) (A) Cells were exposed to a range of peptide concentrations (2.5--25 μM) to determine the effect on variation and signal to background ratio (n = 8, error bars represent SEM). (B) Cell density was varied using untreated K562 cells to determine the minimum number of cells to perform the assay. (n = 3, error bars present for all data points and represent SEM) (C) Phosphorylated and unphosphorylated BcrAbl substrates were mixed in different ratios, spiked into quenched K562 lysate, and added to the Neutravidin™ coated plate. Each condition contained 30 pmol of phosphorylated substrate and the amount of unphosphorylated substrate was varied to change the ratio (n = 3, error bars present for all data points and represent SEM). (D) K562 cells were exposed to different concentrations of the BcrAbl substrate tagged with Alexa Fluor^®^ 488 and cellular uptake was assessed using flow cytometry. The mean fluorescence intensity is plotted as a function of substrate concentration.](pone.0161748.g002){#pone.0161748.g002}

The highest S:B and acceptable CVs were found at the lowest peptide concentrations tested. We hypothesized that higher concentrations of substrate might result in a lower ratio of phosphorylated substrate to unphosphorylated substrate due to an excess of substrate that the cell internalizes but does not phosphorylate for the duration of the assay. An excess of unphosphorylated peptide could dilute the signal from phosphorylated peptide by out-competing phosphorylated peptide bound to the capture plate, resulting in a lower pTyr signal in the ELISA and reducing the S:B. The predicted binding capacity of each well in the Neutravidin™ capture plates used in this study was 15 pmol. To demonstrate the signal dilution pattern we looked at the effect of different ratios of phosphorylated (30 pmol) to unphosphorylated (increasing amounts) peptides ([Fig 2C](#pone.0161748.g002){ref-type="fig"}). As expected, the results show that in the presence of a saturating amount of phosphorylated peptide, adding more unphosphorylated peptide to the well reduces the phospho-peptide signal. Next, we assessed whether changes in cellular uptake could be contributing to the peptide concentration dependent changes in S:B. We exposed K562 cells to the BcrAbl peptide labeled with Alexa Fluor^**®**^ 488 C~5~ maleimide (Life Technologies) at the same range of concentrations used for peptide concentration optimization (2.7 μM to 27 μM), and measured relative peptide uptake using flow cytometry. While presence of the fluorophore can potentially change the peptide's overall charge and hydrophobicity, thus impacting uptake kinetics, it has been established that the TAT sequence efficiently shuttles cargo labeled with this and similar fluorophores into cells. The results show that each concentration of peptide was associated with a significant rightward shift in the cell population compared to control. A multimodal distribution was not observed for any of the conditions, implying that most of the cells internalized the peptide regardless of concentration ([S2 Fig](#pone.0161748.s002){ref-type="supplementary-material"}). We found that the mean intensity of substrate associated with the cell population increased from 2.7 μM to 21.6 μM ([Fig 2D](#pone.0161748.g002){ref-type="fig"}), whereas the S:B exhibited an inverse change over the same range of concentrations. Another possible explanation for the peptide concentration-dependent effect on S:B is that higher concentrations of substrate disrupt the accessibility of the peptide to BcrAbl, or reduce kinase activity---therefore, the effect of peptide concentration on substrate localization and intracellular BcrAbl signaling was assessed. Substrate localization was visualized with fluorescence microscopy and showed little difference over the range of concentrations, suggesting that localization cannot account for the reduction of S:B ([S3 Fig](#pone.0161748.s003){ref-type="supplementary-material"}). We measured CrkL phosphorylation as a surrogate marker for endogenous BcrAbl activity after incubation of increasing concentrations of BcrAbl substrate with K562 cells. No change in CrkL phosphorylation was observed, so we conclude that substrate mediated changes to BcrAbl kinase activity do not account for the reduction in S:B ([S4 Fig](#pone.0161748.s004){ref-type="supplementary-material"}). The flow cytometry results show that the amount of substrate internalized increases proportionally with higher exposure concentrations, implying that the intracellular concentration increases. If there is more intracellular substrate than can be phosphorylated in the given incubation time, then the ratio of unphosphorylated to phosphorylated substrate will increase with the cell exposure concentration, and will translate to a diluted signal. Accordingly, it is important to characterize these factors for future implementation of this assay in other laboratories that may be using capture plates from different sources, as the binding capacity between manufacturers can vary.

Reproducibility characterization {#sec014}
--------------------------------

To characterize assay reproducibility and assess potential throughput, we determined the signal distributions for positive and negative controls that define the maximum cell-based BcrAbl kinase activity and fully inhibited cell-based BcrAbl kinase activity. Two 96-well filter plates were seeded with K562 cells, and imatinib (10 μM) was added in a checkerboard pattern. The cell-based kinase assay was performed as described in the Materials and Methods. Wells that contained imatinib served as the negative controls (n = 96) and wells without imatinib were positive control wells (n = 93). Z'-factor, signal window, coefficient of variation, and outlier rates were calculated for the positive and negative signal distributions and used to assess the quality of the assay ([Fig 3A](#pone.0161748.g003){ref-type="fig"}). Z'-factors greater than 0.5 and signal windows greater than 2 are generally considered suitable for high-throughput screening \[[@pone.0161748.ref032],[@pone.0161748.ref034]\]---albeit other practical factors may come into play for actual high-throughput implementation of the overall protocol. Importantly, nearly 100 replicates of each control were performed to clearly define the signal distributions. From these controls we calculated a Z'-factor of 0.64 and a signal window of 7.08. Based on this analysis, the assay is, in principle, suitable for high-throughput screening, even though the number and type of steps in the protocol mean that it would be more practical for up to medium-throughput applications. Over all replicates, the coefficients of variation for positive (CV~pos~) and negative controls (CV~neg~) were 0.08 and 0.26, respectively. Generally, cell-based assays are considered sufficient for high-throughput applications when the CVs for controls are less than 0.2. However, it is not uncommon for CV~neg~ to exceed the 0.2 requirement. In this case, an alternate acceptance criterion is for the standard deviation of the negative controls to be less than the standard deviation of the positive controls, and this was the case for our assay \[[@pone.0161748.ref032]\]. Finally, outlier analysis indicated that positive and negative controls have outlier rates of 3% and 1%, respectively. The statistical assessment, combined with the automatable nature of the assay workflow, suggests that the assay could be suitable for screening applications. However, the relatively laborious handling steps (e.g. centrifugation and washes) make this assay better suited for detailed characterization of compounds in medium-throughput during the hit to lead phase of drug discovery, rather than primary or secondary screening.

![Characterization of assay reproducibility and validation using well-known BcrAbl inhibitors.\
(A) Positive (n = 93) and negative (n = 96) controls (positive control: maximal phosphorylation in the cell-based kinase activity assay; negative control: corresponding maximal inhibition by pre-incubation of cells with imatinib, 10 μM, followed by cell-based kinase activity assay) were performed in parallel using the standardized workflow and the values were plotted to visualize separation of the signal intensities. BcrAbl activity is reported as relative fluorescent units (RFU) (B) BcrAbl kinase activity dose-response curves in K562 cells using well-characterized BcrAbl inhibitors. Cells were treated with 7 concentrations of either imatinib, nilotinib, or dasatinib for 1 hour prior to addition of the BcrAbl peptide and processed for kinase activity analysis. (n = 3, error bars represent SEM).](pone.0161748.g003){#pone.0161748.g003}

Validation with well-characterized BcrAbl inhibitors {#sec015}
----------------------------------------------------

Next we derived IC~50~ values from our cell-based kinase inhibition assay and compared the values to growth inhibition IC~50~ values reported in the literature. We used three well-characterized, clinically approved inhibitors that target BcrAbl: imatinib, dasatinib, and nilotinib. The kinase activity IC~50~ values for imatinib, nilotinib, and dasatinib were 150 nM (95% CI, 100--223 nM), 10 nM (95% CI, 4--25 nM), and 1 nM (95% CI, 0.5--1.2 nM), respectively ([Fig 3B](#pone.0161748.g003){ref-type="fig"}). These values were within 10-fold of the biochemical and cytotoxicity IC~50~ values reported in the literature, and comparable to IC~50~ values for the same TKIs using K562 cell lysates \[[@pone.0161748.ref033],[@pone.0161748.ref035]\] However, activity- and cytotoxic-based inhibition assays should be used as complementary approaches for measuring drug action. Cytotoxicity (i.e. growth inhibition) is a measure of how the cellular system responds as a whole to the TKI, and reflects a cumulative phenotypic effect resulting from inhibition of all the drug's direct and indirect targets. The BcrAbl activity measurement reports a single parameter in the cell (the targeted kinase's activity), and how it reacts to an inhibitor. Correlation between the two assays can imply or give support to compound mediated kinase activity inhibition as a mechanism for growth inhibition. We know from reported biochemical binding assays that all of the TKIs we tested bind and inhibit BcrAbl *in vitro* \[[@pone.0161748.ref035]\]. However, when the compound's mechanism of action is unknown, it is possible that what we observe as kinase inhibition could be a secondary effect of an alternate action, e.g. inhibition of a kinase-deactivating phosphatase. It is important to keep these considerations in mind when comparing targeted cell-based kinase activity assays to phenotypic screening assays. While recognizing these fundamental differences in the growth inhibition and BcrAbl activity assays demonstrated here, the results indicate that our BcrAbl activity assay generates reliable IC~50~ values for drug-mediated BcrAbl inhibition in the K562 CML cell line.

Application of the assay to characterize BcrAbl activity in TKI-resistant K562 cell lines {#sec016}
-----------------------------------------------------------------------------------------

A potential key application for this technology is to perform target-focused characterization of drug resistance phenotypes in disease relevant cell models. Current strategies for characterizing resistance measure cell growth/cytotoxicity (which does not report whether the resistance is on- or off-target). We generated K562 cell lines with acquired TKI resistance through TKI dose escalation, as previously described \[[@pone.0161748.ref030],[@pone.0161748.ref031],[@pone.0161748.ref036]--[@pone.0161748.ref039]\]. This process was carried out for 90 days, after which the TKI concentration was kept constant at the highest achieved level during future culture conditions, to maintain the predominance of resistant cells and prevent reversion to the non-resistant parental line. Following the dose escalation period, cells were considered resistant if they could be cultured in the presence of TKI concentrations that killed the parental culture. Three TKI-resistant cell lines were generated using imatinib, nilotinib, or dasatinib, and designated K562-IR, K562-NR, and K562-DR, respectively. It should be noted that the cell lines in this study are not a comprehensive representation of TKI-resistance in CML. Varying levels of resistance exist, and we chose the 90-day dose escalation period because it allowed resistance to emerge as we defined it above. Other groups have driven K562 cells to greater levels of resistance (i.e. higher TKI concentrations over longer periods of time). Tang *et al*, for example, derived a dasatinib resistant K562 cell line that could grow in the presence of 200 nM dasatinib over a 7-month period \[[@pone.0161748.ref039]\]. The differences in both the time allowed for resistance to develop and TKI concentration will likely result in alternative mechanisms of resistance.

Drug resistant cell lines were first characterized using a standard strategy by comparing IC~50~ values for growth inhibition relative to the TKI-sensitive K562 parental cell line ([Fig 4](#pone.0161748.g004){ref-type="fig"}, [Table 1](#pone.0161748.t001){ref-type="table"}) before assessing BcrAbl activity ([Fig 5](#pone.0161748.g005){ref-type="fig"}, [Table 1](#pone.0161748.t001){ref-type="table"}). Loss of potency was observed for each cell line with regard to its applicant TKI. Accurate p-values could not be derived for all cell lines and treatments because the dose-response curves were not always able to be fitted to the same model (which was required for calculating the p value for differences between the curves for the parental vs. resistant cell lines), however it was clear from the growth curves ([Fig 4](#pone.0161748.g004){ref-type="fig"}) and from extracted data for the concentrations of each inhibitor used in the culture medium ([Fig 6A--6C](#pone.0161748.g006){ref-type="fig"}) that the cells were growing in substantially higher concentrations of inhibitor, and thus resistant. If resistance of each cell line to each inhibitor was due to on-target factors (i.e. changes in the inhibition of BcrAbl activity by the TKI), we reasoned that resistance-related shifts in IC~50~ values for BcrAbl activity inhibition between resistant cell lines and the parental cell line would correlate with shifts in IC~50~ values for growth inhibition. Using the target-focused cell-based BcrAbl activity assay, IC~50~ values were derived in response to imatinib, nilotinib, and dasatinib and ([Table 1](#pone.0161748.t001){ref-type="table"}, [Fig 5](#pone.0161748.g005){ref-type="fig"}). BcrAbl activity inhibition IC~50~ values were compared between the sensitive K562 cell line and the resistant derivatives.

![Characterization of TKI-resistance using growth inhibition curves.\
Dose-response data and fitted curves, and calculated IC~50~ values from growth inhibition curves. TKI-sensitive K562 and the TKI-resistant K562-IR (top row), K562-NR (middle row), and K562-DR (bottom row) cell lines were exposed to the indicated TKI and assayed for mitochondrial function after 72 hours. Data were fitted to non-linear regression models using either three or four parameters, and the best fit to the data was selected for each set of curves. Curves were compared for logIC~50~ using the sum-of-squares F-test. IC~50~ values were derived from these data and used to characterize level of TKI-resistance.](pone.0161748.g004){#pone.0161748.g004}

![Dose-response data and fitted curves from the BcrAbl activity assay.\
TKI-sensitive K562 (K) and the TKI-resistant K562-IR (I, top row), K562-NR (N, middle row), and K562-DR (D, bottom row) cell lines were exposed to the indicated TKI and BcrAbl activity was assessed as described in the main text. Data were fitted to a three parameter non-linear regression model. Curves were compared for logIC~50~ using the sum-of-squares F-test. IC~50~ values were derived from these data and used to characterize involvement of Abl activity in TKI-resistance.](pone.0161748.g005){#pone.0161748.g005}

![Alternative presentation of selected data from Figs [4](#pone.0161748.g004){ref-type="fig"} and [5](#pone.0161748.g005){ref-type="fig"}.\
Data for conditions consistent with the maintenance culture conditions for each cell line were re-plotted separately to show status for growth inhibition (A-C) and BcrAbl activity inhibition (D-F) at relevant concentrations of each drug (1 μM IM, 100 nM NL, 10 nM DS). Comparisons between vehicle and inhibitor treated cells for TKI-sensitive K562 (K/parental, left) and the TKI-resistant K562-IR (I, right) are shown in panels A and D; Parental (left) vs. K562-NR (N, right) are shown in B and E; Parental (left) vs. K562-DR (D, right) are shown in C and F. Cell growth is given as normalized absorbance from the XTT assay. BcrAbl activity is given as estimated % total phosphorylated peptide, based on pmol pAbltide detected (calibrated via standard curve) and the total binding capacity of each well (15 pmol). ANOVA with Tukey's multiple comparisons test was used to compare means, with significant differences indicated by \*, \*\*, or \*\*\*\*.](pone.0161748.g006){#pone.0161748.g006}

10.1371/journal.pone.0161748.t001

###### BcrAbl activity and growth inhibition IC~50~ values for TKI resistant cell lines, shifted relative to parental K562 cells.

![](pone.0161748.t001){#pone.0161748.t001g}

  Cell Line + TKI       Growth Inhibition IC~50~ (95% CI) (nM)   P-value (difference, K562 vs K562-XR)             BcrAbl Activity IC~50~ (95% CI) (nM)         P-value (difference, K562 vs K562-XR)
  --------------------- ---------------------------------------- ------------------------------------------------- -------------------------------------------- -----------------------------------------------
  K562 + imatinib       387\* (319--470)                                                                           102 (37--284)                                
  K562 + nilotinib      4\* (1--18)                                                                                9.4 (3--30)                                  
  K562 + dasatinib      0.3\* (0.1--0.5)                                                                           32 (8--130)                                  
  K562-IR + imatinib    1330\*                                   N/A[\*\*](#t001fn002){ref-type="table-fn"}        11294 (0.02-inf)                             0.0456
  K562-IR + nilotinib   59\* (54--65)                            N/A[\*\*](#t001fn002){ref-type="table-fn"}        inf[\*\*](#t001fn002){ref-type="table-fn"}   0.3327[\*\*](#t001fn002){ref-type="table-fn"}
  K562-IR + dasatinib   0.2\* (0.1--0.5)                         0.0077                                            inf[\*\*](#t001fn002){ref-type="table-fn"}   0.2001[\*\*](#t001fn002){ref-type="table-fn"}
  K562-NR + imatinib    9009                                     0.2122[\*\*\*](#t001fn003){ref-type="table-fn"}   533 (173--1644)                              0.0396
  K562-NR + nilotinib   718 (202--2544)                          \<0.0001                                          21 (5.6--82)                                 0.4071
  K562-NR + dasatinib   3.6 (1.7--7.9)                           \<0.0001                                          40 (6.7--233)                                0.8449
  K562-DR + imatinib    626\* (496--791)                         \<0.0001                                          508 (248--1043)                              0.0221
  K562-DR + nilotinib   25 (11--54)                              0.0069                                            21 (6.8--66)                                 0.3934
  K562-DR + dasatinib   2.6\* (0.78--8.6)                        \<0.0001                                          87 (30--251)                                 0.2928

IC~50~ values calculated using either three-parameter non-linear regression, except where indicated with \*, for which best fit to the data was achieved using four-parameter non-linear regression.

\*\*Some fits were ambiguous and statistical comparisons of IC~50~ curve fits (sum-of-squares F-test), IC~50~ values and shifts could not be reliably calculated.

\*\*\*In some cases, p-value calculations were affected by the ambiguity of the fit.

Compared to the TKI-sensitive parental cells, all three resistant cell lines exhibited shifts in IC~50~ values for BcrAbl activity inhibition, however as with the growth curve data, statistical analysis of significance was confounded in some cases by the ambiguity of the non-linear regression curve fits and inability to fit both curves to the same model. ([Table 1](#pone.0161748.t001){ref-type="table"}, [Fig 5](#pone.0161748.g005){ref-type="fig"}). Even when the fit was ambiguous, significant differences were seen in the degree of cell growth inhibition in the resistant cell lines at the inhibitor concentrations that had been achieved in the resistant cultures vs. vehicle treatment (see alternate presentation of the data from relevant inhibitor concentrations from the IC~50~ experiment in [Fig 5](#pone.0161748.g005){ref-type="fig"}). BcrAbl activity inhibition, on the other hand, was not necessarily correlated to cell growth inhibition resistance in these models ([Fig 5](#pone.0161748.g005){ref-type="fig"} and alternate presentation in [Fig 6](#pone.0161748.g006){ref-type="fig"}). In K562-IR cells, BcrAbl activity was inhibited at the concentration of imatinib present in the resistant cell line culture conditions (1 μM), despite the continued growth of the cells at that concentration ([Fig 6A and 6D](#pone.0161748.g006){ref-type="fig"}). In K562-NR cells, BcrAbl activity was attenuated relative to the parental K562 cell line even in the vehicle control, as well as in the presence of the concentration of nilotinib consistent with the culture conditions (100 nM, [Fig 6B and 6E](#pone.0161748.g006){ref-type="fig"}). Dasatinib treatment was different however, with the parental cell line exhibiting no significant BcrAbl activity inhibition in the presence of the level of dasatinib consistent with the resistant cell line culture conditions (10 nM), despite lack of growth of those cells at that concentration ([Fig 6C and 6F](#pone.0161748.g006){ref-type="fig"}), and furthermore, the K562-DR cells showed increased BcrAbl activity at baseline, with moderate, but significant, inhibition at the concentration of dasatinib present in the culture conditions.

The lack of correspondence between BcrAbl activity inhibition and the apparent increase in baseline BcrAbl activity in dasatinib-resistant cells were intriguing, but could have resulted from factors specific to the biosensor assay and not necessarily be reflective of endogenous BcrAbl activity. Therefore, it was important to examine endogenous substrate phosphorylation in each cell line as an internal control to validate the interpretation of BcrAbl activity observed by the biosensor assay. Using the Wes platform from ProteinSimple (a capillary-based Western blotting system for immunodetection), we measured protein levels and site-specific phosphorylation for BcrAbl, c-Abl, and CrkL in the parental K562 cell line and in each resistant cell line cultured at the maintenance concentration of its respective inhibitor. Data are summarized in [Fig 7](#pone.0161748.g007){ref-type="fig"}. Analysis of protein levels showed that BcrAbl protein was upregulated in the dasatinib-resistant cell line ([Fig 7A](#pone.0161748.g007){ref-type="fig"} top and B top left), which is consistent with the increased BcrAbl activity observed in the biosensor assay in those cells. CrkL protein was also moderately upregulated in the dasatinib-resistant cells. Phosphorylated BcrAbl and phosphorylated CrkL were also elevated in dasatinib-resistant cells, consistent with the increased BcrAbl expression, and the increased activity observed in the biosensor assay. Both proteins were at normal levels (relative to the parental cell line control), however, in the imatinib- and nilotinib-resistant cell lines. BcrAbl phosphorylation was also at normal levels in imatinib- and nilotinib-resistant cells, however CrkL phosphorylation was decreased in both, which was also consistent with what was observed in the biosensor assay. These results from endogenous controls validate the interpretation of biosensor phosphorylation as specific to BcrAbl in these cell lines. Furthermore, evaluation of BcrAbl and CrkL phosphorylation as a function of total protein signal for each also highlighted the utility of the biosensor assay to reveal activity differences that could be confounded by changes in expression level for an endogenous target substrate. %pBcrAbl/BcrAbl showed very little difference between cell lines, and %pCrkL/CrkL showed inhibition across all cell lines, because total protein levels had increased in the dasatinib-resistant cells and created a normalization artifact. The biosensor assay, however, reported increased activity as %phosphorylated/total in the dasatinib-resistant cells that likely resulted from the increased expression of the kinase. Because the biosensor is added exogenously, its %phosphorylated/total signal was able to reveal differences in intracellular kinase activity that were not revealed by these commonly used markers for BcrAbl activation.

![Immunodetection of Abl/BcrAbl, CrkL, and relevant site-specific phosphorylation.\
Lysates from parental (K), K562-IR (I), K562-NR (N) and K562-DR (D) cells cultured in the absence (K) or presence (I, N and D) of maintenance concentrations of their respective TKIs were analysed in duplicate using the Wes capillary immunodetection system from ProteinSimple. (A) Individual capillary plots and pseudo-"blot" views (in which signal peaks are represented in "band" form) from chemiluminescence for one replicate from each antibody analysis: total Abl/BcrAbl (αAbl \#2862, Cell Signaling Technology), phospho-Abl/BcrAbl (αpY245 ab195839, Abcam), total CrkL (αCrkL 32H4/\#3182, Cell Signaling Technology), phospho-CrkL (αpY207 EP270Y/ab52908), and GAPDH (αGAPDH D16H11, Cell Signaling Technology). Peaks are labelled for the respective proteins; note that for GAPDH, one capillary lane (labelled with \*) in this replicate exhibited artifactually shifted migration, however immunodetection was consistent with other capillaries. (B) Peaks from total BcrAbl, pYBcrAbl, total CrkL and pYCrkL were normalized to peaks from GAPDH for each duplicate, and plotted to show comparisons between the parental (K) and drug-resistant (I, N, D) cells. Error bars indicate SEM for duplicate runs. (C) GAPDH-normalized signals were used to calculate and compare %phosphorylated/total signal for BcrAbl (top) and CrkL (middle). Estimated % phosphorylated biosensor calibrated from the standard curve and compared with total binding capacity of the well, as described in [Fig 6](#pone.0161748.g006){ref-type="fig"} legend) was re-plotted from data shown in Figs [4](#pone.0161748.g004){ref-type="fig"} and [6](#pone.0161748.g006){ref-type="fig"}, and shown here (bottom) for comparison to endogenous protein %phospho/total. Note that "blot" images are digital representations of peak intensity, *not* photographic or scanned images of actual blots, and thus band shapes appear unnatural.](pone.0161748.g007){#pone.0161748.g007}

Overall, these results suggest that resistance to imatinib and nilotinib in these models is likely to be independent of BcrAbl activity (and thus characterized as "off-target"), while resistance to dasatinib may be the result of increased BcrAbl expression (and thus characterized as "on-target"). The specific pathways involved in off-target resistance in our models is not yet known, however we can speculate that they may be related to commonly observed mechanisms, such as increased expression of the ABCG1/ABCG2 efflux pumps, which have been suggested to cause TKI resistance \[[@pone.0161748.ref040],[@pone.0161748.ref041]\]. However, this mechanism likely did not solely account for the resistance behavior because BcrAbl activity was still inhibited in cells exhibiting resistant growth at moderate to higher drug concentrations by all three TKIs tested, which are all substrates of these transporters. Other off-target resistance mechanisms, such compensatory upregulation or signalling through alternate pathways may be partially responsible, and have been identified elsewhere with similar TKI resistance models \[[@pone.0161748.ref031],[@pone.0161748.ref036]\]. Elucidating the full mechanism of resistance in these cell lines is the subject of ongoing efforts in our laboratory.

Interestingly, examining cross-resistance between TKIs (i.e. resistance to growth or activity inhibition by one inhibitor in a cell line generated by developing resistance to another inhibitor), revealed complex behaviour in the response of resistant cells to next-line drugs (Figs [4](#pone.0161748.g004){ref-type="fig"} and [5](#pone.0161748.g005){ref-type="fig"}). In imatinib-resistant K562-IR cells, nilotinib and dasatinib were less potent for cell growth inhibition relative to the parental cells, but eventually capable of inhibiting growth at higher concentrations. BcrAbl activity in K562-IR cells, on the other hand, was attenuated relative to parental cells and not effectively inhibited by either nilotinib or dasatinib at concentrations tested (even those at which cell growth had been inhibited). In nilotinib-resistant K562-NR cells, cell growth inhibition by imatinib was dramatically lower (with imatinib unable to inhibit growth at any of the concentrations tested) despite inhibition of BcrAbl activity. Cell growth inhibition was somewhat less potent for dasatinib in K562-NR cells, but not as dramatically as was observed for imatinib, and BcrAbl activity was inhibited. In dasatinib-resistant cells, cell growth inhibition potency for imatinib and nilotinib was only slightly shifted relative to parental cells, and although BcrAbl activity levels were higher at baseline, IC~50~ values were not substantially different from those for parental cells.

Overall, these cross-resistance results suggest that mechanisms of kinase inhibitor resistance in K562 cells are complex, and not necessarily explained by the activity of the primary inhibitor target alone. While we cannot currently speculate on the mechanisms for this cross-resistance behaviour, we are following up to further investigate these in ongoing work that exceeds the scope of this demonstration of the biosensor assay in these model systems. It is important to keep in mind that drug resistance here evolved *in vitro* from a particular cell line, over a shorter amount of time and under much lower drug concentrations than are typically achieved in serum \[[@pone.0161748.ref042]\] and not *in vivo* or in a patient treated for a native hematopoietic malignancy. Still, these cross-resistance behaviors suggest that response to a particular kinase inhibitor in cells can potentially be affected by resistance to another, regardless of the status of BcrAbl target inhibition by the drug. We stress that this information cannot be used to make predictions or interpretations about treatment choices in the clinic, but it does highlight the potential utility of a cell-based assay such as this one to characterize the target-dependence of drug resistance in a comprehensive study in primary cells in the future.

Conclusions {#sec017}
===========

In summary, we have demonstrated a multi-well plate compatible, cell-based assay for directly measuring endogenous BcrAbl kinase activity. The conditions were standardized for reasonable throughput and reproducibility, and could be used in a typical format in pre-clinical drug discovery as, for example, a secondary cell-based follow-up protocol for use after preliminary high-throughput screening. Relative to its closest relevant comparison, sandwich ELISA for an endogenous substrate, this assay could be more adaptable and potentially lower cost, based on the reduction in number of antibodies required by eliminating the need for a substrate capture antibody, and on the robust generalizability of capturing substrate via biotin/streptavidin interaction and detecting phosphorylation with the generic anti-phosphotyrosine antibody 4G10, as opposed to needing unique capture and site-specific detection antibodies (which routinely cost \>\$1000 for production of a lot of antibody, and can cost \>\$10,000 for development of a novel antibody) for each new substrate to be analysed. The assay accurately reports BcrAbl activity modulated by well-characterized TKIs in both TKI-sensitive and -resistant human chronic myeloid leukemia cells. It also provided information about the complex relationship between BcrAbl activity inhibition and corresponding growth inhibition (i.e. target-dependence). Also, using artificial, multi-functional peptide substrates to measure endogenous kinase activity in disease-relevant cell lines as described in this report may be generalizable to most kinases. Work from our group and others has expanded the repertoire of specific sequences that could be used as cell-penetrating peptide substrates for kinases of interest \[[@pone.0161748.ref021],[@pone.0161748.ref043]--[@pone.0161748.ref046]\]. With these and future development of substrates specific for additional kinases, this assay strategy can be further developed with additional disease relevant cell models to identify and characterize TKIs and resistance profiles across the kinome, potentially revealing new options in drug discovery for next-line therapeutic development.

Supporting Information {#sec018}
======================

###### Optimization of conditions for high-throughput cell-based BcrAbl activity assay.

K562 cells (750,000 cells per well) were exposed to a range of BcrAbl substrate concentrations (n = 8). (A) Coefficient of variation (CV) and (B) signal to noise ratio (SNR) was calculated for each concentration. The results demonstrate that the highest SNR and lowest CV values occur at the lowest peptide concentrations tested.

(TIFF)

###### 

Click here for additional data file.

###### Cellular uptake of BcrAbl substrate in K562 cells.

The BcrAbl substrate was labeled with AlexaFluor 488 and incubated with K562 cells at the indicated concentrations. Cells were washed with PBS, and cellular uptake was assessed using flow cytometry (10,000 events). Cell distributions shift rightward with increasing substrate concentration, indicating that the cells take up substrate proportionally to the amount they are incubated with. These results suggest that increasing substrate concentration does not disrupt cellular uptake.

(TIFF)

###### 

Click here for additional data file.

###### Effect of BcrAbl substrate concentration on localization in K562 cells.

The BcrAbl substrate was labeled with AlexaFluor 488 and incubated with K562 cells at the indicated concentrations for 5 minutes. Cells were washed and suspended in CyGel on a slide for fluorescence microscopy. Images for at least two cells were recorded at each concentration. Each pair of images (bright field + fluorescent overlay and fluorescent only) represents a separate, distinct cell. Intensity of cytoplasmically localized peptide was generally higher at higher peptide concentrations, however most cells exhibited punctate localization of peptide, as has been previously observed for this peptide in the HEK293 cell line.

(TIFF)

###### 

Click here for additional data file.

###### Concentrations of the BcrAbl substrate in the range used in this study do not affect intracellular BcrAbl activity.

Western blots were used to determine if the BcrAbl substrate concentration range used here has an effect on intracellular BcrAbl signaling. An endogenous substrate of BcrAbl, CrkL, was monitored by Western blot in the presence of a range of substrate concentrations. Phosphorylation of CrkL on tyrosine 207 is indicative of intracellular BcrAbl activity. The results show that phosphorylation state of CrkL was not modulated by the BcrAbl substrate.

(TIFF)

###### 

Click here for additional data file.

###### LC/MS characterization of BcrAbl substrate peptide used in experiments.

Top panel: LC/MS trace of peptide substrate (arrow indicates substrate peptide; Non-natural amino acids: B---biotinylated lysine, J--Photocleavable linker). Middle panel: Relative abundanace of peptide substrate shows purity of peptide peak as most abundant ion with \>90% purity. Bottom panel: Expected masses for different charge states of the substrate.

(TIFF)

###### 

Click here for additional data file.

###### LC/MS characterization of BcrAbl substrate peptide labeled with Alexa Fluor 488.

Top panel: LC/MS trace of peptide substrate (arrow indicates substrate peptide; Non-natural amino acids: B---biotinylated lysine, J--Photocleavable linker, C488 --Alexa Fluor 488 labeled cysteine). Middle panel: Relative abundanace of peptide substrate shows purity of peptide peak as most abundant ion with \>90% purity. Bottom panel: Expected masses for different charge states of the substrate.

(TIFF)

###### 

Click here for additional data file.

###### LC/MS characterization of the phosphorylated BcrAbl substrate peptide.

Top panel: LC/MS trace of peptide substrate (arrow indicates substrate peptide; Non-natural amino acids: B---biotinylated lysine, J--Photocleavable linker, pY--phosphorylated tyrosine). Middle panel: Relative abundanace of peptide substrate shows purity of peptide peak as most abundant ion with \>70% purity. Bottom panel: Expected masses for different charge states of the substrate.

(PDF)

###### 

Click here for additional data file.

###### Wes.zip.

Supplementary files containing raw data and protocols from immunoblots performed with the Wes Simple Western (ProteinSimple) system.

(ZIP)

###### 

Click here for additional data file.

###### Supplementary methods for data in supplemental figures.

(PDF)

###### 

Click here for additional data file.

###### BcrAbl substrate full sequence and functional sequences.

B--biotinylated lysine, J--photocleavable linker, C--Cysteine used to label with Alexa Fluor 488

(TIFF)

###### 

Click here for additional data file.
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